We conduct a search for radio stars by combining radio and optical data from the Faint Images of the Radio Sky at Twenty cm survey (FIRST) and the Sloan Digital Sky Survey (SDSS). The faint limit of SDSS makes possible a homogeneous search for radio emission from stars of low optical luminosity. We select a sample of 112 candidate radio stars in the magnitude range 15 < i 19.1 and with radio flux S 20 ≥ 1.25mJy, from about 7000 deg 2 of sky. The selection criteria are positional coincidence within 1 ′′ , radio and optical point source morphology, and an SDSS spectrum classified as stellar. The sample contamination is estimated by random matching to be 108±13, suggesting that at most a small fraction of the selected candidates are genuine radio stars. Therefore, we rule out a very rare population of extremely radio-loud stars: no more than 1.2 of every million stars in the magnitude range 15 < i < 19.1 stars has radio flux S 20 ≥ 1.25 mJy. We investigate the optical and radio colors of the sample to find candidates that show the largest likelihood of being real radio stars. The significant outliers from the stellar locus, as well as the magnetically active stars, are the best candidates for follow-up radio observations. We conclude that, while the present wide-area radio surveys are not sensitive enough to provide homogeneous samples of the extremely rare radio stars, upcoming surveys which exploit the great sensitivity of current and planned telescopes do have sufficient sensitivity and will allow the properties of this class of object to be investigated in detail.
INTRODUCTION
The light from stars dominates the optical sky, while the radio sky's contribution from stars is very small. However, significant radio emission has been detected from active stars in the form of synchrotron, gyrosynchrotron, or electron cyclotron maser emission (Dulk 1985; Güdel 2002) . Some of the non-thermal processes that lead to these types of emission-plasma heating and particle acceleration in stellar coronaeare seen in our own Sun, but the relevant energies for active stars are much larger. Radio emission at the relative level of that emitted by the Sun remains undetected from even the closest solar-type main sequence stars to the present day.
1 The quiescent, slowly varying radio emission seen in many active stars (e.g. Güdel 2002 , and references therein) has no solar counterpart.
With the great increase in the sensitivity of radio surveys in the last several decades, along with the more accurate source positions allowed by radio interferometry, both thermal and non-thermal radio emission have now been detected from hundreds of stars of many different types (Hjellming & Gibson 1986; Wendker 1987; Altenhoff et al. 1994; Wendker 1995; Taylor & Paredes 1996) . These include premain-sequence stars (T Tau and Herbig Ae/Be 2 stars; Güdel et al. 1989; White et al. 1992; Skinner et al. 1993) , rapidly-rotating main-sequence stars (Lim & White 1995; Berger 2002 ), X-ray bright main sequence stars (Güdel et al. 1995) , magnetic stars (Drake et al. 1987a ; Leone et al. 1996; Berger 2006; Berger et al. 2008) , cool giants with extended chromospheres and photospheres (Newell & Hjellming 1982; Drake & Linsky 1986; Drake et al. 1987b; Knapp et al. 1995; Reid & Menten 1997) , OB stars with winds (Bieging et al. 1989; Drake 1990; Phillips & Titus 1990) , Wolf-Rayet stars (Chapman et al. 1999) , dMe flare stars (White et al. 1989; Osten et al. 2006) , and various classes of interacting binaries and cataclysmic variables. The radio radiation from these stars is very faint, at the few mJy level.
The first large unbiased study of radio stars (∼ 5000 deg 2 of sky at high galactic latitude) was performed by Helfand et al. (1999, hereafter H99) , who compared the Faint Images of the Radio Sky at Twenty cm survey (FIRST; Becker et al. 1995) to several catalogs of bright stars with high astrometric precision: the Hipparcos catalog (Perryman et al. 1997) , the Tycho catalog (Hoeg et al. 1997) , the Guide Star Catalog (Lasker et al. 1990) , and stars within 25 pc of the Sun. They emphasize the need for accurate positions: the rarity of radio stars to the FIRST flux limit (∼ 1 mJy), combined with the high density of faint extragalactic radio sources, ensures random matches between stellar and radio sources in sufficient numbers to confuse the cataloging of true radio stars, unless both radio and optical positions are known to better than 1 ′′ . H99 identified 26 radio stars in their study, about one per 190 deg 2 , and showed that the fraction of stars with radio emission above the FIRST limit declines steeply with optical magnitude to m V 15. The fraction of radio stars at fainter magnitudes is unknown. Kimball & Ivezić (2008, hereafter KI08) searched for radio stars in a combined radio-optical catalog with observations from FIRST and from the optical Sloan Digital Sky Survey (SDSS). Quasars are the most common radio source above flux densities of a few mJy; therefore a sample of optical point sources with radio emission is likely to be srongly dominated by quasars. KI08 approached this problem by applying a conservative photometric color cut, using the fact that quasars and stars lie in different locations in SDSS optical color-color diagrams (Richards et al. 2001) . The sample was limited to sources sufficiently bright to be included in the SDSS quasar spectroscopic target selection (i < 19.1, Schneider et al. 2007) . Only 20% of the photometrically-selected candidate radio stars actually showed stellar spectra, while the rest were quasars with stellar-like colors. KI08 concluded that simple color critera are not sufficient to select a clean sample of radio stars, and that spectroscopic observations are necessary to distinguish between quasars and stars.
In this paper we continue the search for radio stars in the SDSS using a sample with spectroscopic identifications. We present 112 candidates selected by matching FIRST detections and SDSS point sources within 1 arcsec. The sample comprises sources brighter than r = 20.5 in the optical and 1.25 mJy at 20 cm, with SDSS spectra classified as stellar both by the automated reduction pipelines and visually. The SDSS spectroscopic targeting implicitly imposes soft magnitude limits of 15 < i 19.1. In this magnitude range, approximately 1% of SDSS stars have spectroscopic data. However, all objects in this range which are close to a FIRST source are targeted for spectra (Stoughton et al. 2002) , so the completeness of SDSS radio-optical sources is well understood.
We are searching in a different region of the radiooptical parameter space from H99, who also matched to FIRST but used optical catalogs brighter than m v = 15. The SDSS has a saturation limit of m i = 15. By extending to several optical magnitudes fainter than H99, we are therefore searching for stars with a much brighter radio-to-optical flux ratio. However, a FIRST-SDSS matching has the potential to reveal a radio-bright population too rare to appear in the smaller H99 study, as the fainter SDSS includes a much larger volume in the Galaxy. For example: M dwarfs, many of which are known to be magnetically active (e.g., West et al. 2008) , are found in sig-nificant numbers only at faint magnitudes. Thus, a search for radio-emitting M dwarfs should be carried out in a deep optical survey with large sky coverage. Advantages to using the SDSS are its high completeness, precise magnitudes, accurate astrometry, much deeper optical data than previous stellar catalogs, and almost 300,000 stellar spectra.
The remainder of the paper is laid out as follows. In §2 we describe the contributing surveys. In §3 we outline the selection of the sample of radio stars and place an upper limit on the fraction of radio stars. In §4 and §5 we discuss optical and radio properties of the sample, respectively, and in §6 we conclude and summarize our results.
OPTICAL AND RADIO DATA

Optical Catalog: SDSS
We have drawn our sample from the photometric coverage of the sixth data release (DR6) of the Sloan Digital Sky Survey 3 (SDSS; see York et al. 2000; Stoughton et al. 2002; Adelman-McCarthy et al. 2008 , and references therein). DR6 covers roughly 9, 600 deg 2 and contains photometric observations for 287 million unique objects, as well as spectra for more than 1 million sources (in a smaller sky area of 6860 deg 2 ). SDSS entered routine operations in 2000; DR6 observations were completed in June 2006. Because SDSS spectroscopy is performed after photometric observations, some stars in the sample have spectra that were not available until the Seventh Data Release (DR7). We have included some stars with DR7 spectra 4 ; we point out explicitly where this detail affects our estimates of sample contamination in §3.6. The DR6 sample includes about 287,000 spectra classified as stars. The SDSS photometric survey measures flux densities nearly simultaneously in five wavelength bands (u, g, r, i, and z) with effective wavelengths of 3551, 4686, 6165, 7481, and 8931Å (Fukugita et al. 1996; Gunn et al. 1998; Hogg et al. 2001; Tucker et al. 2006; Smith et al. 2002; Ivezić et al. 2004) . Morphology information allows reliable star-galaxy separation to r ∼ 21.5 (Lupton et al. 2002; Scranton et al. 2002) . Sources are classified as resolved or unresolved using a measure of light concentration that determines how well the flux resembles a point source (Stoughton et al. 2002) . Magnitudes were corrected for Galactic extinction according to the dust maps of Schlegel et al. 3 The survey website is located at http://www.sdss.org. 4 We include stars with spectroscopic observations taken through 5 Dec 2007.
(1998). The astrometry of the photometric survey is good to 0.1 ′′ (Pier et al. 2003) .
A subset of photometric sources was chosen for spectroscopy according to the SDSS targeting pipeline; stars could be serendipitously selected by any of the various targeting algorithms. The quasar targeting algorithm selects all 15 < i < 19.1 sources within 2 ′′ of a FIRST catalog object, and some sources as faint as i = 20.5 (depending on the availability of spectral fibers). About 30% of quasar targets turn out to be stars or galaxies (Schneider et al. 2007 ). Another algorithm targets interesting stellar classes by selecting for their distinctive photometric colors; these include blue horizontal-branch stars, carbon stars, subdwarfs, cataclysmic variables, brown and red dwarfs, and white dwarfs. Because stars in these catagories are selected randomly to fill excess spectral fibers, the completeness of the samples of stars with spectroscopic observations is, with a small number of exceptions, not welldefined. However, the fact that all objects within 2 ′′ of a FIRST source are targeted implies that the spectroscopic sample is complete to i < 19.1 with respect to radio-optical sources brighter than the FIRST limit, except in the case of fiber collisions (see below).
SDSS spectra are obtained using 3 ′′ fibers in a fiberfed spectrograph (Newman et al. 2004) . Spectra cover the wavelength range from about 3500 to 9500Å with a resolution of R∼1800. They are automatically extracted and calibrated by the Spectroscopic Pipeline: wavelength calibrations are calculated from arc and night sky lines and flux calibrations from observations of standard F stars. Some fibers are used to observe blank sky in order to correct targeted objects for the sky spectrum. Not every object targeted for spectroscopy obtains a spectrum, primarily because of fiber collisions: due to the physical size of the fibers, no two fibers can be placed closer than 55 ′′ on a spectroscopic plate. As a result, spectra are only taken for about 92.5% of spectroscopic targets, although the completeness effects are well understood (Blanton et al. 2003) .
Radio Catalogs
FIRST provides 20 cm radio fluxes, which were used to select candidate radio stars. The Westerbork Northern Sky Survey and the Green Bank 6 cm survey provide fluxes at 92 cm and 6 cm, respectively, which allow us to determine a radio spectral shape.
FIRST
The Faint Images of the Radio Sky at Twenty cm survey (FIRST; Becker et al. 1995) used the Very Large Array to observe the sky at 20 cm (1.4 GHz) with a beam size of 5.
′′ 4 and an rms sensitivity of about 0.15 mJy beam −1 . Designed to cover the same region of sky as the SDSS, FIRST observed 9, 000 deg 2 at the North Galactic Cap and a smaller ∼ 2.5
• wide strip along the Celestial Equator from 1994 to 2002. The survey contains over 800,000 unique sources, with positions determined to 1 ′′ ; its source density is roughly 97 deg −2 . It is 95% complete to 2 mJy and 80% complete to the survey limit of 1 mJy. The integrated flux density, S 20 , is calculated using a two-dimensional Gaussian fit to each source image.
WENSS
The Westerbork Northern Sky Survey (WENSS; Rengelink et al. 1997 ) is a 92 cm radio survey that was conducted in the mid-1990s. It observed the sky north of δ = 29
• to a limiting flux density of 18 mJy, with a beam size of 54 ′′ and a positional uncertainty of 1.5-5 ′′ .
GB6
The GB6 survey at 4.85 GHz (Green Bank 6 cm survey; Gregory et al. 1996) was executed with the original 91m Green Bank telescope in 1986 November and 1987 October. Data from both epochs were assembled into a survey covering the 0
• < δ < 75
• sky down to a limiting flux of 18 mJy, with 3.5 ′ resolution and a positional uncertainty of 10-50 ′′ .
SELECTING A SAMPLE OF CANDI-DATE RADIO STARS FROM FIRST AND SDSS
This section outlines the selection criteria that yield the candidate radio stars sample. We estimate the amount of contamination with random matching, and use the result to place an upper limit on the fraction of radio stars in the magnitude range of the sample. The area of overlap of the two surveys is about 9500 deg 2 .
Magnitude and flux limits
We applied magnitude/flux limits as a way to control source quality. For SDSS sources, we required r < 20.5 to ensure reliable determination of optical morphology, as well as to select sources with a high enough signal-to-noise ratio (S/N) for spectral typing. Owing to the magnitude limits of the SDSS quasar target selection algorithm ( §2.1), most of the sources in the final sample have i 19.1, although it is not an explicit requirement. There are roughly 4000-5000 SDSS sources with r < 20.5 per square degree on the sky, depending on Galactic latitude.
For the radio sources, we adopted a limit of S 20 ≥ 1.25 mJy (equivalent to AB magnitude 16.2). This is slightly brighter than the 1 mJy depth of the FIRST catalog; however, in a visual examination of faint FIRST images, many sources fainter than this appeared to be possibly spurious detections. Above this flux limit, there are about 82 FIRST sources per square degree.
Positional matching of point sources
We restricted the sample to optical point sources using SDSS automated star-galaxy separation ( §2.1). Figure 1 shows the distribution of FIRST-SDSS distance for radio-optical (point source) matches. The expected contamination by random matches (evaluated by off-setting the FIRST positions by 1
• in right ascension) is also shown. The inset plot shows the estimated completeness (solid line; percentage of physical sources recovered) and efficiency (dotted line; percentage of all matches which are physical) as a function of matching radius. The precise choice of matching radius is a tradeoff between sample completeness and sample contamination. Since we are looking for rare objects, we opted more on the side of decreased contamination, and chose to use a 1 ′′ matching radius. As shown in Figure 1 , the matching radius of 1 ′′ results in 96% completeness and 98% efficiency. There are 2000-3000 SDSS point sources per square degree with r < 20.5. Correlating with FIRST positions within 1 ′′ resulted in ∼ 14, 000 matches.
We did not consider proper motions when matching the two catalogs, but emphasize that this decision should not significantly affect the matching results. All of the observations were performed since 1994. Within the relevant magnitude range, nearly 99% of SDSS stars have an apparent motion of less than 0.1 arcsec yr −1 , with a median value < 7 mas yr −1 . Proper motions 5 for this sample are much smaller than for the sample of H99 owing to the much fainter flux limit and correspondingly larger source distances.
Spectral typing
KI08 showed that a sample of potential radio stars selected by their SDSS colors is strongly contaminated by quasars. There are enough quasars with stellar colors (i.e., within a few hundredths of a magnitude from the main stellar locus in the multi-dimensional SDSS color space) that spectroscopic identifications are necessary in order to cull them from the sample. We therefore required an SDSS spectroscopic observation for each matched source, and limited the sample to those with stellar-classified spectra. Of the ∼ 14, 000 selected matches, 6413 have spectra, and 292 of those were classified as stellar by the SDSS spectral processing pipeline.
For a more robust determination of spectral type, we executed visual classification of each spectrum. Of the 292 stellar-classified sources, 6 matched to known quasars (Schneider et al. 2007 ) and 45 to known BL Lac objects (Plotkin et al. 2008 ). We removed one object whose spectrum showed broad emission lines signifying the super-position of a star with a quasar. Of course these false matches are not indicative of an 18% failure rate for the spectral pipeline, which is optimized to detect galaxies, stars, and quasars rather than rare sources such as BL Lac objects. Because the selection criteria for this study are biased toward (radio) quasars, they result in a disproportionately large number of BL Lac objects, which make up a very tiny percentage of the entire SDSS spectroscopic database.
Spectral types were individually assigned to the remaining 240 sources using a custom IDL package dubbed "the Hammer".
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The full algorithm used by the Hammer is described in Appendix A of Covey et al. (2007) . In short, the Hammer automatically types input spectra by measuring a suite of spectral indices and performing a least-squares minimization of the residuals between the indices of the target and those measured from spectral type standards. It then allows a confirmation or correction of spectral type according to a visual comparison of the input spectrum with spectral templates. Although spectral types are available from the SDSS database, visual confirmation by stellar scientists (authors GRK, AAW, JJB) leads to more robust classifications.
With visual classification, the sample was reduced to 194 sources with reliable stellar spectra. The rejected spectra were too noisy for reliable typing, or were indicative of BL Lac objects. The latter are not included in the BL Lac sample of Plotkin et al. (2008) ; that sample was drawn from SDSS Data Release Five (DR5), and thus covers a smaller sky area than the DR6 sample used in this paper.
Visual examination of radio morphology
We looked at FIRST images of the remaining sample in order to determine the radio morphology of each source. We anticipated that the majority would be point sources, because the resolution of FIRST (∼ 5 ′′ ) is not sufficient to resolve stellar emission. Resolved or multiple-component emission, however, would be strongly indicative of a non-stellar source such as an active galactic nucleus (AGN) with radio jets.
We examined FIRST postage stamps (2 ′ × 2 ′ ), and classified each as "compact" (point source emission), "resolved" (resolved single-component emission), "complex" (multiple-component or knotty emission), or "spurious" (e.g., an artifact introduced by interferometric errors). An example from each category is shown in Figure 2 . Resolved or complex radio morphology is typically associated with an extra-Galactic object such as a radio galaxy or quasar.
7 Out of the 194 visually-classified images we found six spurious sources, which were removed from the sample. Of the remaining 188 sources, 60 are complex, 16 are resolved, and 112 are compact.
8 The high fraction of sources with complex radio emission demonstrates that many radio quasars survived the previous selection criteria. Because these objects clearly show stellar spectra, we interpret them as optically-faint radio quasars in chance alignment with bright foreground stars. We rejected the complex sources as obviously extra-Galactic. However, not all quasars have complex radio emission from detectable lobes, but many are instead point sources (KI08): this is typically thought to be the result of Doppler beaming of a jet aligned along the line of sight. Thus, despite the thorough visual classifications, the final set of compact radio sources with stellar spectra may remain contaminated by chance star-quasar superpositions. We discuss sample contamination in more detail in §3.6.
Final sample of potential radio stars
We retain the sample of 112 compact sources for the remaining analysis of this paper. This set of radio star candidates is presented in Table 1 , which lists positions, stellar type, radio fluxes, optical magnitudes, and radio morphology classification. The 16 resolved sources and 60 complex sources are listed in Tables 2  and 3 , respectively. The tables also list the distance to each star, calculated using the photometric parallax relation of Ivezić et al. (2008a) ; this relation is valid only for stars on the main sequence. As discussed by Finlator et al. (2000) , nearly all SDSS stars (∼ 99%) are expected to lie on the main sequence. However, it is possible that by selecting radio-emitting stars we have biased our sample toward giant stars in the halo (nearby giants are brighter than the m = 15 SDSS saturation limit). We note that approximately 40% of the candidate radio stars have log(g) measured by the SDSS software pipeline; all have log(g) > 3, indicating that they are main sequence stars. There is no evidence that the sample has a different distance distribution than other SDSS stars with spectra. Figure 3 is a mosaic of four of the candidate radio sources; it shows the optical image, the radio image, and the optical spectrum for each one. The brightest optical source and the brightest radio source in the sample are included in the mosaic.
Estimating Sample Contamination
To estimate the contamination originating from chance radio-optical alignments, we created a set of twelve random samples for comparison. To create the random samples, we off-set the right ascension or declination in the FIRST catalog (by −1, −0.5, −0.1, 0.1, 0.5, or 1 degree), then applied identical selection criteria (where possible) as above. The contamination estimate is an upper limit because it is not possible to apply exactly the same selection criteria to the random samples: the SDSS spectral target selection for quasars ( §2.1) ensures that a large fraction of the real FIRST-SDSS matches have spectral data, whereas very few sources in the random samples have SDSS spectra.
Having performed the matching several times, we can determine the variance of the random sampling.
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Random matching of all FIRST and photometric SDSS sources resulted in 3242 ± 65 matches. Applying the r magnitude and radio flux limits reduced the samples to 759 ± 30 matches. Selecting on optical point source morphology further reduced the samples to 422 ± 20.
The next selection step for the real sample was to eliminate those sources without SDSS spectra. The equivalent step for the random samples is to eliminate those which could not have qualified for SDSS spectral targeting. The quasar targeting algorithm ( §2.1) depends on proximity to a radio source; by artificially shifting the FIRST positions to create the random samples, we created fake optical-radio sources which would pass the selection criteria. We rejected sources outside of the DR6 spectroscopic coverage, which is smaller than the DR6 photometric coverage. Varying the FIRST positions results in a slight decrease of the areal overlap between FIRST and SDSS. However, given that so few matches result from the random sampling, the small change in matching area has no significant effect on the contamination estimate. ing only those matches which would qualify for SDSS spectroscopy reduced the random samples to 225 ± 22. Applying the success rate of spectral sampling of SDSS targets (92.5%; Blanton et al. 2003 ) results in an expected random sample size of 208 ± 20.
We can make an educated guess that the remaining random samples consist almost entirely of stars: at these very bright magnitudes, the SDSS star-galaxy separation mechanism is quite effective at differentiating between point sources and extended sources. Besides stars, the most common type of optical point source is a quasar, but these are rare at i < 19.1. For example, the highest fraction of quasars in SDSS can be found at the North Galactic Pole, where there are about 100 stars for each quasar (at magnitudes i < 19; Jurić et al. 2008 ). Close to the Galactic plane, the quasar fraction is much smaller.
The final step in the selection process was to visually classify each source according to its radio morphology. Only those objects which appeared by eye to be unresolved in their FIRST image were retained. Selecting these objects results in a random sample size of 117 ± 14. Applying the spectral observation success rate reduces that value to 110 ± 14. Estimating one per cent of the sample are quasars as described above, the final estimate is 108 ± 13. This number is essentially identical to the size of the candidate radio stars sample, which consists of 104 stars from DR6 and 8 additional stars with spectroscopy performed later than that of DR6.
The above comparison shows that most or all of the potential radio stars are actually chance alignments of SDSS stars with unrelated FIRST sources. The variance in the random samples is large enough that there may be several real radio stars in the candidates sample or none at all. This result indicates that radio stars are extremely rare or non-existant in the range 15 < i < 19.1, S 20 < 1.25 mJy.
The Fraction of Radio Stars in the SDSS
We can use the relative sizes of the candidate and random samples, along with the sample completeness, to calculate an upper limit on the fraction of radio stars in the SDSS. The candidate sample contains 104 stars with spectra in DR6; 98 of those are in the magnitude range 15 < i < 19.1. As discussed previously, the estimated number of contaminating sources is 108±13. We can therefore state with 97.5% confidence that there are no more than 16 radio stars in the sample of candidates (using the one-sided 2-σ error estimate). The completeness estimate has the following contributions: 1) the completeness of the FIRST survey at 1.25 mJy is approximately 85-90% (Becker et al. 1995) ;
2) the completeness of the radio-optical matching within 1 ′′ is 96%; 3) the SDSS spectroscopic targeting algorithm selects all 15 < i < 19.1 objects within 2 ′′ of a FIRST source (100% completeness); 4) given fiber collisions, the success rate of spectroscopic observations is about 92.5%
10 (Blanton et al. 2003) . We therefore estimate that the sample is about 75% complete, and thus that there are no more than 21 radio stars in the SDSS DR6 with 15 < i < 19.1. There are approximately 18 million SDSS stars in this magnitude range, which implies that no more than 1.2 out of every million stars in the range 15 < i < 19.1 have a radio flux of S 20 ≥ 1.25 mJy. For stars with i ≈ 15, that corresponds to an upper limit on radio to optical flux ratio of 0.34; for the i ≈ 19.1 stars at the faint end, the upper limit on radio to optical flux ratio is 15.
OPTICAL PROPERTIES
We showed in the previous section that the sample is highly contaminated by interloping AGN. However, statistical comparisons of the sample with typical stars can highlight the most likely actual radio stars. In this section, we examine optical properties of the sample: photometric colors, distance from the stellar locus, spectral type, and magnetic activity. We also use an SDSS control sample selected from a strip of sky 1
• wide in right ascension. The control sample contains point sources with 15 < i < 19.1 and r < 20.5 from the region 236 < R.A. < 237, −2.5 dec. 65; it contains just over 160,000 sources. Figure 4 presents the distribution of the candidate radio stars in optical color-color space, compared to the SDSS stellar locus as parameterized by Covey et al. (2007) . The majority of the candidate stars lie on the stellar locus. Several stars, however, appear to lie along the white-dwarf-M dwarf (WD+dM) bridge (Smolčić et al. 2004 ): u − g < 2, g − r > 0.3, r − i > 0.7. Such close binary pairs are found to be more active than their single field counterparts (e.g., Silvestri et al. 2005 Silvestri et al. , 2006 . Smolčić et al. (2004) limited their analysis to stars with u < 20.5 to eliminate those with poor photometry. In the SDSS control sample, less than 0.1% of stars lie on the WD+dM bridge. The candidate radio stars sample contains seven stars which lie along the WD+dM bridge, corresponding to a much higher fraction. We note however 10 The success rate is not biased with respect to the radio sample;
Photometric colors
we verified that approximately 92.5% of our selected sources which should have passed the targeting selection do in fact have SDSS spectra.
that all of our WD+dM candidates have u-band magnitudes > 20.5; therefore u-band photometry may have artificially moved these sources blueward of the M star locus (upper right corner of the stellar locus). None of their spectra suggest the presence of a white dwarf companion. We note that the star with u−g < 0 is not on the WD+dM bridge, as it has r − i ∼ 0.15. However, the spectrum and photometric image do suggest that it is a (physical or optical) binary system: a K3 star with an added blue component. A quantitative method of finding outliers from the stellar locus, taking photometric errors into account, is outlined by Covey et al. (2007) . They parameterized the stellar locus by finding its 1-σ width in the standard SDSS colors (u − g, g − r, r − i, i − z) and TwoMicron All Sky Survey (Skrutskie et al. 2006 ) colors as a function of g − i. They chose g − i as the fiducial color because it samples the largest wavelength range possible without relying on the shallower u or z measurements. Using only the SDSS colors, we define a "four-dimensional color distance" (4DCD; analogous to the seven-dimensional version discussed in C07 11 ), which describes the statistical significance of the distance in color space between a target object and the point on the stellar locus with the same g − i color as the target. The 4DCD is defined by
where X 0 = u − g, X 1 = g − r, etc. The width of the stellar locus is σ X (locus), which refers to the FWHM of the locus in color X k at the same g − i as the target object. The error in the target's color, σ x , is calculated by adding in quadrature its photometric errors in the two appropriate filters. We characterize outliers from the stellar locus as those with a value of 4DCD greater than two, shown as circles in Figure 4 . Extreme outliers, with 4DCD> 3, are shown as triangles. Three of the stars with WD+dM colors have 4DCD> 2; these are strong candidates for further investigation. The lower right panel compares the cumulative distributions for the candidate radio stars (full line) and the SDSS control sample; the two distributions are similar. The largest 4DCD value of ∼ 14 belongs to the possibly binary star mentioned earlier, having u − g < 0. The other most extreme outlier has 4DCD ∼ 6.4. The spectrum of that object also shows some evidence that the source is part of a multiple system, such as the super-position of a late-type with an early-type M star. All other values of 4DCD are < 4.3.
Spectral type and activity fraction
Because non-thermal radio emission is a signal of activity, we expect that radio emission may correlate with strong spectral lines, such as Hα, which are also known to signal magnetic activity. We investigate the fraction of active stars in our sample; if the sample contains some real radio stars which are active, we may see an increase over the active fraction of all stars (without selecting for radio emission). Previous studies have found that the fraction of active M dwarfs is a strong function of spectral type (West et al. 2004 (West et al. , 2008 , tending to increase toward later subtypes with a peak around M8 dwarfs.
An Hα equivalent width was measured for each stellar spectrum using the Hammer ( §3.3). As discussed by West et al. (2008) , the accuracy of such measurements has been tested via Monte Carlo simulations to ascertain how well line strength can be determined at a given S/N level. The Hα emission can be recovered over 96% of the time for all spectral types. Figure 5 shows the spectral types of the candidate radio stars sample (solid line), compared with all SDSS DR6 stars with spectra (just under 1 million stars; dotted line). Spectral types for the SDSS sample come from the automated version of the Hammer, while spectral types for the candidate radio star sample were visually-confirmed ( §3.3). Automated Hammer classifications are typically accurate to within ±4 subtypes for A-G stars, and within ±2 subtypes for K and M stars (Covey et al. 2007 ). All spectra for the radio stars sample have S/N ratio greater than 2.9. As shown in Figure 5 , all of the active candidate radio stars are M dwarfs. This is not a surprising result given that most stars are M dwarfs Bochanski et al. 2009) , and the majority of activity in main sequence stars is seen in M dwarfs (e.g., Gizis et al. 2002) . West et al. (2008) discussed the fraction of active M dwarfs in SDSS DR5 as a function of spectral subtype, after removing WD+dM bridge stars from their sample. They found that M0-M3 stars have an active fraction of roughly 5-20%, and that the fraction increases strongly for M dwarfs of later subtype. Our results for the candidate radio stars are consistent with the results of that study for all stars; we do not see a significantly higher fraction of active stars in the sample of candidate stellar radio sources. Figure 6 shows color-color diagrams of the candidate radio stars and the SDSS control sample, with the six active stars indicated by triangles. Three of the seven stars with WD+dM bridge colors ( §4.1) are active; two of those are outliers from the stellar locus (4DCD > 2). This result is in agreement with Silvestri et al. (2006) , who suggest that 20-60% of all WD+dM binaries are magnetically active. The lower right panel of Fig. 6 shows the g − i distribution of the SDSS control sample (dotted line), the candidate radio stars (thin solid line), and the active stars (thick solid line). Covey et al. (2007) showed that g − i correlates strongly with stellar spectral type. The distribution is bimodal in flux limited samples: it is biased toward red stars, which are the most common, but also blue stars, which can be seen from much greater distances. West et al. (2004) and Bochanski et al. (2007) compared the colors of active to inactive M dwarfs in the field (i.e., not part of a binary system). They found no significant differences between the two populations. The current radio stars study includes three active field M dwarfs (i.e., M dwarfs which do not have WD+dM bridge colors). Although the sample is too small to make a strong statement in comparison with the studies of West et al. (2004) and Bochanski et al. (2007) , we note that our results for stars with radio emission are consistent with their conclusions for all stars.
RADIO PROPERTIES
Radio Spectral Slope
Using the multiple-wavelength radio catalog presented by KI08, we find that eight of the candidate radio stars were detected in a second radio sky survey: either at 92 cm in WENSS or at 6 cm in GB6 (or both). We can therefore determine the radio spectral index α (where F ν ∝ ν α ), and we report those results here. We compare the results with samples of the type of AGN that may be contaminating the sample ( §3.6).
The value of the spectral index is a clue about the environment at the source of emission. Non-thermal radio emission is typically due to synchrotron (relativistic) or gyrosynchrotron (semi-relativistic) electrons accelerating in a magnetic field. Synchrotron and gyrosynchrotron processes result in a negative spectral slope (α ∼ −0.8) in the optically-thin case, and a flat or positive slope in the optically-thick case. Such emission has been detected from M dwarfs in both their flaring (rapidly-variable) and quiescent (non-flaring) states (e.g., Güdel & Benz 1996; Large et al. 1989; Bastian & Bookbinder 1987; Osten et al. 2006) . Fifty stars in our sample lie within the WENSS sky coverage and 106 lie within the GB6 sky coverage. Following KI08, we use 30 ′′ as the FIRST-WENSS matching radius and 70
′′ as the FIRST-GB6 matching radius. These choices result in estimates of 99% completeness with 92% efficiency (WENSS), and 98% completeness with 79% efficiency (GB6; see Table 2 of KI08). Six sources have 92 cm detections and three have 6 cm detections; only one source was detected at all three wavelengths. FIRST is much deeper than WENSS or GB6; therefore only sources which are very bright or have very steep spectral slopes can be detected in more than one survey. Despite the poorer positional accuracy of GB6 and WENSS, these matches are highly reliable because of the their lower source sky density.
12 Figure 7 presents the radio spectra of these sources. Four of the stars are M dwarfs, two of which are active ( §4.2).
From the KI08 catalog, we selected a sample of AGN using the radio criteria that were applied to the radio stars sample: S 20 ≤ 1.25 mJy, unresolved in FIRST (using Eq. 3 of KI08), and a WENSS match within 30
′′ . These criteria select the type of objects that could be contaminating the sample of potential radio stars discussed in this section. The stellar sample has a similar spectral slope distribution to the AGN sample, whose median (mean) spectral index is -0.67 (-0.54). The spectral slope distributions do not allow a definitive conclusion as to whether any of the candidate radio stars with multiple radio detections are actual radio stars or are contaminating AGN.
Variability
It is possible that the radio fluxes varied over the course of observations by the different surveys. Both stellar radio sources and AGN are known to vary in the radio. For example, Berger (2002) observed variability in the non-flaring radio emission from cool dwarfs over timescales of merely hours. (However, the fluxes in that study were far below the flux limit of the current study.) The likely AGN contaminants are quasar core sources, which are known to vary with timescales ranging from days to years (e.g., Rys & Machalski 1990; Barvainis et al. 2005) . About half of the candidate radio stars sample was observed muliple times in FIRST, most with timescales of less than a week. None showed significant variability at 20 cm. We note that nearly half of the radio stars found by H99 varied in FIRST at the 4σ level.
CONCLUSIONS
We performed a search for radio stars by combining radio and optical observations from FIRST (20 cm) and SDSS. This is the first large-scale search for radio stars using an optical survey faint enough to include a large number of M dwarfs. Many of these late-type stars are known to be magnetically active. A sample of 112 candidates was selecting using the following criteria: optical point source morphology as determined by the SDSS photometric pipeline, radio and optical positions matched within 1 ′′ , an optical magnitude r < 20.5 to ensure reliable determination of optical morphology, radio flux S 20 ≥ 1.25 to eliminate spurious sources, a spectrum visually classified as stellar, and radio point source morphology. We estimated sample contamination using random matching and similar selection criteria. The size of the random samples (108 ± 13) suggests that the potential radio stars are heavily contaminated by optically-faint radio quasars in chance alignment with a foreground star. The main ambiguity in determining radiooptical matches stems from uncertainty as to whether the star is actually the source of the radio emission. It may be possible to overcome this problem with careful follow-up using very long baseline interferometry to determine proper motions of the radio sources.
In §3.7, we calculated the upper limit on the fraction of radio stars (with S 20 ≥ 1.25 mJy) no more than 1.2 per million stars in the magnitude range 15 < i < 19.1. We note that some M stars have been observed to occasionally flare brightly in the radio; however, these stars have a very small duty cycle and very few will be detected in a single-epoch survey such as FIRST. While some M dwarfs have been shown to have constant radio emission (e.g., Berger 2002; Osten et al. 2006) , it is at much fainter levels than radio emission in their flare state by about an order of magnitude. Our results effectively rule out a population of radio bright late-type stars.
We compared the candidate sample to SDSS stars in the same magnitude range and investigated their distributions in optical color, stellar type, magnetic activity, and distance from the stellar locus in color- -Left: Radio spectra of the candidate radio stars detected at more than one radio wavelength. Diamonds indicate inactive stars, asterisks indicate active stars. The visually-confirmed spectral type and the power law index are labeled for each source. Right: distribution of FIRST fluxes for the 44 candidate radio stars which lie in the region of the sky observed by WENSS, but were not detected at 92 cm. color space. The two data sets show similar distributions. However, there is a higher fraction of stars with WD+dM bridge colors among the candidate sample. Three of the radio star candidates with WD+dM bridge colors are significantly offset from the stellar locus in the four-dimensional color space (4DCD> 2). Two of those three stars are magnetically active; a third star on the WD+dM bridge is also active. These four stars are good candidates for continuing investigation. We searched for radio detections at two other wavelengths, 6 cm and 92 cm. Eight sources were detected at more than one radio wavelength. The spectral index distribution for the stellar sources is similar to the distribution for a sample of possible AGN contaminants. Therefore the subset of stellar radio candidates may be plagued by the same AGN contamination seen in the overall sample.
This study shows that FIRST and SDSS are not a good pair of surveys for the study (or discovery) of radio stars: stars bright enough at 20 cm to appear in FIRST are probably above the m = 15 saturation limit of the SDSS. Figure 8 shows the radiooptical parameter space probed by the H99 study and the FIRST-SDSS correlation presented in this paper. FIRST is currently the largest deep radio survey available; the figure indicates that much fainter radio data is required in order to discover more stars of the population found by H99. A much deeper sky survey at the same frequency as FIRST is likely to be carried out in the southern hemisphere using the Australian Square Kilometer Array Pathfinder 13 (ASKAP; Johnston et al. 2009 ). One of ASKAP's invited proposals involves a project known as "EMU: Evolutionary Map of the Universe" (R. Norris et al. in preparation) , which includes a large southern sky survey down to 50 µJy (5σ rms ) at 20 cm. Although the main science driver for the ASKAP EMU project is the study of AGN and galaxy evolution, the field of radio stars will benefit immensely by cross-correlating the EMU survey with an all-sky optical survey such as the Guide Star Catalog (GSC; Lasker et al. 1990) or a large southern sky survey such as the Large Synoptic Survey Telescope 14 (LSST; Ivezić et al. 2008b ).
The GSC, the faintest of the optical surveys used in the H99 study, covered the sky in the approximate magnitude range of 7-15. As shown in Fig. 8 , the combination of the GSC and EMU will be sensitive to stars with radio-to-optical flux ratios from less than 1:1000 to those with the highest flux ratios found by H99. Covering half the sky and extending 20 times fainter in the radio than FIRST, GSC-EMU should result in the largest sample of candidate radio stars to date.
The LSST is a multi-epoch optical survey which will observe a quarter of the sky every three nights and detect point sources down to r ∼ 27 (r ∼ 24.5 for a single exposure). The radio-optical parameter space covered by a potential LSST-EMU matching is also shown in Fig. 8 . The H99 survey found only a couple of radio stars of the type to which LSST-EMU will be sensitive. The EMU survey, 20 times fainter than FIRST, will probe a 20-90 times larger volume in the Milky Way disk, and thus may find on the order of 100 new sources of faint stellar radio emission. In addition, the LSST will be able to recognize active M dwarfs via their UV flaring. This method could be more efficient than looking for Hα emission in SDSS spectra, which are available for only about 0.25% of M dwarfs detected by the SDSS. The advent of the EMU survey to radio astronomy, combined with large optical surveys, is likely to increase the number of known radio stars by orders of magnitude.
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The SDSS is managed by the Astrophysical Research Consortium for the Participating Institutions. a Right ascension and declination are given in decimal degrees.
b Offset between FIRST and SDSS positions.
c Distance was determined using the photometric parallax relation of Ivezić et al. (2008a) ; the relation is valid only for stars on the main sequence.
d Visually-confirmed spectral classification.
e A "yes" indicates a spectrum with reliable Hα emission.
f Four-dimensional color distance from the stellar locus, defined in §4.1 of the text.
g Internal ID of the source in the radio catalog of KI08. a Right ascension and declination are given in decimal degrees.
g Internal ID of the source in the radio catalog of KI08.
